In the present study, aeroelastic stability and the response of high-aspect ratio wings are numerically investigated using a coupled CFD-CSD method. The wing aerodynamic loads are calculated using a CFD flow solver based on unstructured meshes. The elastic deformation is evaluated using a FEM-based CSD solver employing a nonlinear flap-lag-torsion beam theory. The CSD solver also includes a built-in aerodynamics module based on a two-dimensional strip theory, coupled with a dynamic stall model, which is used for comparison with the coupled CFD-CSD method. Coupling of the CFD and CSD solvers is accomplished by adopting a conventional serial staggered method. At first, validation of the present coupled CFD-CSD method is made for an NACA0012 wing, and the predicted static deformation and dynamic response are compared with other predictions. The coupled method is then applied to an electric aerial vehicle wing, and the dynamic aeroelastic stability and response are investigated. It is found that the geometrical nonlinearity of the structure is responsible for degrading the dynamic stability of the wings. It is also found that the aeroelastic behaviors obtained using the coupled CFD-CSD method show higher aerodynamic damping than those of the strip theory-based analyses.
Introduction
High-altitude-long-endurance (HALE) aircraft are usually designed to have lightweight, high-aspect-ratio wings with thick airfoils to maximize the aerodynamic efficiency. High-aspect-ratio wings tend to be very flexible, and thus they can undergo large structural deflection, even during normal flight operations. Because large deflection can significantly alter the flight performance and the system stability of the wing, the wing aeroelastic characteristics are directly related to aircraft reliability and survivability. Therefore, the aeroelastic behavior of high-aspect-ratio wings should be accurately analyzed for designing more efficient and reliable HALE aircraft.
In the late 1990s, aeroelastic behaviors of high-aspect-ratio wings were extensively studied by several researchers. The studies were particularly focused on investigating the effect of geometrical structural nonlinearity. It was found that the geometrical nonlinearity, such as large deformation and nonlinear coupling between the deflection modes, should be considered for the structural analysis of high-aspect-ratio wings. In the research conducted by Patil et al., [1] [2] [3] aeroelastic analyses were conducted for a high-aspect-ratio NA-CA0012 wing. In their study, a geometrically-exact nonlinear beam model was used to calculate the dynamic response of the wing, and a finite-state aerodynamic theory, coupled with the ONERA dynamic stall model, 4) was used to predict the aerodynamic loads on the wing. The results showed that large deflection can change the natural frequencies of the wing, which in turn, can produce noticeable changes in its aeroelastic behavior. The limit cycle oscillation (LCO) was observed below the linear flutter speed when the nonlinear beam model was used for the structural analyses. In their study, however, relatively simple aerodynamic models were adopted to determine the aerodynamic loads, whereas sophisticated computational structural dynamics (CSD) models were utilized for wing structural modeling. Simple aerodynamic models, such as the finite-state aerodynamic theory, have an inherent limitation for accurately predicting realistic flow features involving three-dimensional unsteady, viscous flow characteristics.
For performing missions such as surveillance and reconnaissance, HALE aircraft are designed to operate at high altitudes where the air density is relatively low, compared to that at sea level. To produce enough lift in this low Reynolds number regime, HALE aircraft usually fly at high angles of attack, and as a result, the wing is easily exposed to highly nonlinear aerodynamic phenomena, such as flow separation and dynamic stall. Therefore, accurate prediction of the nonlinear aerodynamic characteristics for the wing is very im-portant for investigating the aeroelastic behavior of HALE aircraft.
Recently, computational fluid dynamics (CFD) techniques have been utilized to overcome the limitation of using a simple finite-state aerodynamic model and to improve the prediction accuracy for the aeroelasticity studies of high-aspect-ratio wings. First, coupled CFD-CSD analyses for the static aeroelasticity of a high-aspect-ratio NACA0012 wing were made by Smith et al. 5) In their study, it was shown that the aerodynamic force and moment predictions provided by the nonlinear solution of the Euler equations are lower than the predictions of a vortex panel method. This indicates that the divergence, and possibly the flutter speeds, predicted by lower-order aerodynamics may be overly conservative. Bendiksen 6, 7) performed a study about limit cycle flutter of a high-aspect-ratio swept wing at transonic Mach numbers using a nonlinear structural model (CSD) based on plate finite element and Euler flow solver (CFD) based on Galerkin finite element discretization. It was observed that the structural washout effect from aeroelastic deformations plays a fundamental role to generate low-amplitude LCOs in the case of a high-aspect-ratio swept wing. Hallissy and Cesnik 8) investigated the static and dynamic aeroelasticities of a highaspect-ratio wing using a loosely coupled method between a quasi-3D structure solver (CSD) and Euler/Navier-Stokes flow solver (CFD) capable of mesh deformation. The static deflections and dynamic transient behaviors of the wing were calculated using both the coupled CFD-CSD method and an in-house aeroelastic solver based on finite-state aerodynamics. A comparison of the results indicated that the coupled CFD-CSD results generally agreed well with the response of the in-house solver, but the coupled CFD-CSD solver provides higher aerodynamic damping than the finite-state aerodynamics. However, in their study, the time-accurate CFD-CSD coupled analyses were made only for a short period of time after the excitation. Therefore, fully developed dynamic behaviors such as LCO, and detailed aeroelastic analyses were not presented.
In the present study, a coupled CFD-CSD method has been developed to predict the aerodynamic loads and elastic deformation of high-aspect-ratio wings. The wing aerodynamic loads were calculated using a Navier-Stokes CFD solver based on unstructured meshes. The wing elastic deformation was calculated using a FEM-based CSD solver adopting a nonlinear coupled flap-lag-torsion beam theory. The CFD and CSD solvers were coupled by exchanging the information based on a partitioned solution method. First, static CFD-CSD coupled analyses were conducted for predicting the mean aeroelastic deflection of the high-aspect-ratio wings under various flight conditions. Then, unsteady time-accurate, coupled CFD-CSD analyses were made for investigating the dynamic aeroelastic response and post-flutter behaviors. Calculations were also made utilizing the aerodynamic model based on a strip theory, and the results were compared with those of the CFD-CSD method. Validation of the present coupled method was made for an NACA0012 flexible wing configuration for which abundant predicted results are available for comparison. The coupled method was then applied to the high-aspect-ratio wing configuration of an electric aerial vehicle developed by the Korea Aerospace Research Institute (KARI), and the aeroelastic characteristics of a realistic HALE wing was studied by including varying structural properties along the wing span.
Numerical Method

CFD flow solver
For the assessment of aerodynamic loads, a three-dimensional incompressible Navier-Stokes CFD solver based on unstructured meshes was utilized. 9) The equations can be written in an integral form for arbitrary computational domain V with boundary @V as
where Q ! is the vector of the primitive variables, and F ! ðQÞ and G ! ðQÞ denote the inviscid and viscous fluxes of these variables, respectively.K is the preconditioning matrix introduced to accommodate the artificial compressibility into the governing equations. In the present flow solver, the governing equations were discretized using a vertex-centered finitevolume method. The flow domain was divided into a finite number of control volumes surrounding each vertex. The inviscid fluxes were evaluated using second-order Roe's fluxdifference splitting scheme, 10) while the viscous flux terms were computed based on central differencing. A dual-time implicit time integration algorithm based on linearized Euler backward differencing was utilized to advance the solution in time. To consider the turbulence effect, the Spalart-Allmaras one-equation model 11) was adopted. The additional equation was solved separately from the mean flow equations in a loosely coupled manner.
The mesh movement due to wing elastic deformation was taken care of using mesh deformation techniques. To handle the deformation of prismatic elements near the solid surface, an algebraic approach 12) was adopted, whereas a spring analogy 13, 14) was applied to the tetrahedral elements away from the body.
On the solid surface of the wing, the no-slip condition was applied. The characteristic inlet/outlet boundary condition with Riemann invariants was applied at the far boundaries. The symmetric boundary condition was imposed at the boundary containing the wing root.
To reduce the large computational time involved in the three-dimensional flow calculations, the flow solver was parallelized using MeTis and MPI libraries.
CSD structure solver
The high-aspect-ratio wing structure was modeled as a nonlinear Euler-Bernoulli cantilever beam undergoing spanwise deflection, lead-lag bending, flap bending, and torsional deformation by following the formulation described by Hodges and Dowell. 15) The equations of motion were derived based on Hamilton's principle. In Fig. 1 , the wing coordinate system and wing deformation kinematics are presented. The Cartesian coordinate system x; y; z is attached to the undeformed wing. The x-axis coincides with the elastic axis, and the y-axis, which points toward the leading-edge, is parallel to the extension of the chord line. When the wing is deformed, a point p on the undeformed elastic axis is moved to point p 0 by spanwise deflection (u), lead-lag bending (v), and flap bending (w) in the x; y; z directions, respectively. Then the wing cross section containing p 0 undergoes rotation of elastic torsion (º) about the deformed elastic axis (²). To obtain the discretized equations governing the wing elastic motion, a finite-element method was adopted. The wing is divided into a number of finite elements, and each element involves 15 nodal degrees of freedom as shown in Fig. 2 .
The distribution of deformation over each element can be represented by appropriate interpolating polynomial shape functions. In the present study, the third-order Hermite polynomial, which allows continuities of both displacement and slope between the elements, was used for the lead-lag and flap bending deflections. For each spanwise and elastic torsion deformation, the third-order and second-order Lagrangian polynomials were utilized, such that the continuity of displacement is guaranteed. The discretized form of the model can be written as
where the subscript i denotes the i-th beam element, and N e is the total number of finite elements on the wing. U i , T i , and W i are the variation of strain energy, variation of kinetic energy, and virtual work done by the aerodynamic forces, respectively. After applying the interpolating polynomials, the above elemental energy variations can be expressed in the following matrix form in terms of the nodal displacement, q i ,
Here, M i and K i are the elemental mass and stiffness matrices, respectively, and F NL;i and F aero;i represent the elemental nonlinear vectors and the external aerodynamic loads on the i-th element of the wing. The global nonlinear equations of motion of the wing can be obtained by assembling the elemental matrices and the vectors over N e beam elements as
This dynamic system of equations is solved using the generalized-¡ time integration method. 16) The dynamic system of equations can be reduced to static equilibrium equations by neglecting the time derivative terms as
In Eq. (5), the aerodynamic load F aero is determined using the CFD calculation in the coupled CFD-CSD method. In the case of comprehensive CSD solver calculations, the built-in strip theory aerodynamic model can also be utilized. In this case with the strip theory, the unsteady effect was considered by adopting an indicial step response method developed by Leishman et al. 17, 18) The strip theory was further extended to the nonlinear flow regime to include the effect of the nonlinearities in lift, pitching moment and drag behaviors due to airfoil stall by adopting a dynamic stall model described by Leishman and Beddoes. 17, 19) 
Coupled CFD-CSD method
In the present study, the CFD and CSD solvers were coupled using a partitioned solution method. In this coupling methodology, the fluid and structural equations are solved separately in each module, but the information is properly exchanged. The CFD solver transfers sectional aerodynamic loads to the CSD solver by integrating surface pressure and skin friction along the chordwise direction at a number of cross sections of the wing. The CSD solver also transfers the wing deformation data as a function of spanwise location to the CFD solver.
The overall procedures for the present coupled CFD-CSD method are presented in Fig. 3 . For static aeroelastic analyses, shown in Fig. 3(a) , steady CFD calculation is conducted for the undeformed wing on the initial mesh. Once a steadystate flow solution is obtained, the sectional aerodynamic loads are transferred to the CSD solver, and the wing elastic deformation is calculated as in Eq. (5) . To consider the calculated wing deflection in the CFD calculation, the mesh deformation technique is applied, and the mesh points are moved by following the wing deflection. Then, the flow simulation is conducted on the deformed wing configuration. The above procedure is repeated until a converged static equilibrium wing deformation is obtained. For the dynamic aeroelastic analysis presented in Fig. 3(b) , the CFD and Trans. Japan Soc. Aero. Space Sci., Vol. 59, No. 3, 2016 CSD solvers are coupled tightly in a time-accurate manner, and information about the unsteady aerodynamic loads and aeroelastic deformation is exchanged at every time step. The converged steady-state solution is used as the initial condition for the unsteady coupled CFD-CSD simulations. Advancement of the solution in time is achieved by adopting the conventional serial staggered (CSS) method of Farhat et al. 20) 
Results and Discussion
NACA0012 wing
Initially, validation of the present coupled CFD-CSD method was made by calculating the aeroelastic behaviours of a flexible NACA0012 wing configuration. The wing has a rectangular planform shape without twist or sweep, and is made of an NACA0012 airfoil section from root to tip. The information about the wing configuration and its structure properties are summarized in Table 1 .
In Fig. 4 , the computational mesh used for the CFD calculations is presented. To capture the boundary layer on the wing surface more accurately, a hybrid mesh topology containing both prismatic and tetrahedral cells was used. A total of 25 layers of prismatic cells were packed normal to the wing surface with an initial grid spacing of 4:0 Â 10 À5 chord and a stretching ratio of 1.25, and the remaining flow domain was filled with tetrahedral cells. The unstructured mesh used for both static and dynamic aeroelastic solutions consists of 1,462,427 nodes, 1,632,020 prismatic cells, and 3,597,144 tetrahedral cells.
Static aeroelastic analysis
First, static coupled CFD-CSD simulations were performed. The calculations were made for a flight speed of 25 m/s with an angle of attack of 2 at an altitude of 20 km. Figure 5 shows the spanwise distributions of the static wing deformation. The solution converged within approx-imately six coupled iterations where the tip deflection and twist changed less than 1% between iterations. The flap-up deflection and the nose-up torsion are predicted to be about 20% of span length and 1.5 at the wing tip, respectively. The chord-wise deformation is relatively small which is about 0.0025% of span length at the wing tip due to the large edgewise stiffness. The negative sign means the deformation occurred in a downwind direction. Overall, the present results compare well with other CFD-CSD results conducted by Hallissy and Cesnik, 8) demonstrating that the performance of the coupled solver is proven, and the present static aeroelastic coupling has been validated.
Dynamic aeroelastic analysis
To investigate the aeroelastic behavior and stability, the wing was perturbed from the converged static deflection state, and then the aeroelastic response was observed over time. In the present study, an initial tip flapwise displacement was imposed as the disturbance, and the dynamic response of the wing was examined, similar to the study by Patil et al. 3) The dynamic aeroelastic responses using the strip theory were also calculated to assess the effect of using a different aerodynamics model, in comparison to the present coupled CFD-CSD method.
In Fig. 6 , comparison of the time history of wing tip flapwise deflection is shown for the initial tip displacements of 1, 2, and 4 m at a flight speed of 30 m/s with an angle of attack of 0 . It was observed that a critical magnitude of disturbance of 2 m is required to excite LCO at the specific speed of 30 m/s. The amplitude and frequency of the motions during LCO do not change above the critical disturbance of 4 m. In Fig. 7 , the time history of the wing tip flapwise deflection is presented for various flight speeds of 25, 28 and 30 m/s with an angle of attack of 0 . It is shown that a critical speed of 28 m/s is required to excite LCO (! ¼ 18:84 rad/s) for a specific disturbance with an initial tip displacement of 4 m, and above the critical speed of 30 m/s, a different LCO (! ¼ 15:7 rad/s) with higher amplitudes is observed. In the figures, the system tries to come back to a zero deflection steady-state with positive damping ratio below the critical point. However, above the critical point, the system absorbs more than the critical amount of energy before it reaches the zero steady-state, and it jumps to an unstable state and maintains the deformed state, providing the forces required to sustain the deformation. The results using the present time-accurate coupled solvers show very similar trends with other results based on a geometrically-exact nonlinear beam model and a finite-state aerodynamic theory by Patil et al. 3) From these dynamic stability analyses, the present coupled solvers were well validated by applying structural nonlinearities and unsteady viscous aerodynamics.
Although these dynamic behaviors and characteristics using both CFD and strip theory are similar to each other, slightly different characteristics of LCO are observed between the two results. Especially, at the flight speed of 30 m/s, a more simple periodic motion is observed in the CFD results compared to the strip theory. To examine the difference in more detail, phase-plane diagrams of LCO are compared at the flight speed of 30 m/s in Fig. 8 . When the strip theory is utilized, the complexity of the phase-plane diagrams is enlarged, and periodic doublings appear more clearly than the CFD-based results. This tendency indicates that utilization of the strip theory may cause earlier predictions in divergence and flutter speeds, because the complexity of LCO generally increases with flight speed. This also implies that the coupled CFD-CSD method provides more aerodynamic damping than the strip theory-CSD approach.
To analyze the effect of the structural nonlinearity on the dynamic stability of the wing, the dynamic behaviors of the wing were examined using the time-accurate coupled CFD-CSD method. Initially, a linear structural beam model, in which geometrically nonlinear terms were neglected, was utilized as the structure module. With an initial tip displacement of 4 m, the wing structure was released, and the aeroelastic responses were observed for various flight speeds of 25, 30, 31.67, and 35 m/s. In Fig. 9 , the results of the time-domain damping ratios of torsional tip motions are presented. Here, the damping ratios were calculated by adopting a moving-block method. 21) The figure shows that the linear flutter speed based on the damping ratios was predicted at 32.39 m/s, and the linear flutter frequency at the flutter speed was identified as 23.87 rad/s. These results are good in agreement with those of other predictions 1) showing the linear flutter speed of 32.21 m/s and the flutter frequency of 22.61 rad/s. When the geometric structural nonlinearity was disregarded, the dynamic responses were more stable and the point of flight velocity where LCO starts was delayed compared to the results using the nonlinear structural beam model. To be specific, the flutter speed of 32.39 m/s predicted using the linear structural beam model is faster than the flight speed where LCO starts using the nonlinear structural beam model, which is expected to be between 25 m/s and 28 m/s as shown in Fig. 7 . This demonstrates that the structure nonlinearities reduce the wing stiffness and stability, as Tang and Dowell 22) also indicated.
In Fig. 10 , the dynamic aeroelastic response of the wing tip motion, including the nonlinear structural beam model, is presented for the two flight speeds. The wing structure was released from a flapwise tip displacement of 4 m; same as the previous linear structure analysis. When compared with the aeroelastic responses of the wing using the linear structure beam model, the overall dynamic stability was decreased. The amplitude of LCO, which was initially excited at 28 m/s as shown in Fig. 7 , increased further at 30 m/s. When the flight speed was further increased to 33 m/s, the oscillations became aperiodic and showed a quite chaotic behavior because of the strong geometric nonlinearity. Figure 11 shows the dynamic behavior of the wing and the pressure distributions on the wing surface during the LCO at the flight speed of 30 m/s. It was observed that a flap-up motion exists, along with the nose-down and lead motions. At the same time, a flap-down motion was also shown, accompanied by the nose-up and lag motions. An instantaneous high-pressure region appeared on the upper and lower surfaces of the wing during the flap-up and flap-down motions, respectively. In addition, the dynamic motion of the wing induced high-order vibration mode shapes, meaning that a large amount of energy is activated on the wing during the LCO.
In Fig. 12 , the results of the Fast Fourier Transform for the torsional tip motion during the LCO are presented for the flight speed of 30 m/s. It is shown that three dominant fre- 
Electric aerial vehicle wing
Next, the validated coupled CFD-CSD method was applied to the aeroelastic analyses of the wing of an electric aerial vehicle developed by the Korea Aerospace Research Institute. The full span length of the wing is 10.74 m, and the wing aspect ratio is approximately 21. The wing is untwisted, and is made of a SG6043 cambered airfoil section. The wing has an incidence angle of 1.65 . The center of mass is located about 0.4c, and the elastic axis is located at the quarter chord of the wing section along the wingspan. To reflect the realistic configuration of the wing into the aeroelastic analyses, the winglet was also considered for the CFD calculations, as well as the mass center offset from the elastic axis in the flap-torsional inertia coupling.
In Fig. 13 , the structural properties and the sectional mass of the EAV wing are presented along the wingspan. The structural properties are not constant, but vary along the wingspan. In general, for high-aspect-ratio wings, a stiffer structure is required at the wing root to endure the bending moments invoked by the spanwise aerodynamic loading. Similarly, the wing of the electric aerial vehicle also possesses a structural stiffness distribution, which becomes more flexible toward the outward region. The first several natural vibration modes and the corresponding frequencies of the EAV wing were predicted as shown in Table 2 .
The computational mesh and the boundary conditions for the CFD calculations are presented in Fig. 14. The unstructured mesh contains 1,390,259 nodes, 2,001,500 prismatic cells, and 2,108,863 tetrahedral cells. A total of 20 layers of prismatic cells are packed normal to the wing surface with an initial grid spacing of 8:0 Â 10 À5 chord and a stretching ratio of 1.3 to capture the boundary layer on the wing surface accurately. The far-field configuration and the imposed boundary conditions are similar to those of the previous NA-CA0012 wing case. Unlike the NACA0012 wing case, the strip theory-based method could not be applied for dynamic stability of the EAV wing because the many empirical constants used for the NACA0012 wing in the dynamics stall model are not universal. Thus, a tuning process is required whenever the wing configuration changes. Although the strip theory-CSD method is much cheaper than the CFD-CSD method in terms of computational cost, the CFD-CSD method can be thought of as a valuable tool since it is free from not only the limitation of configuration, but also flow environment.
Static aeroelastic analysis
The static aeroelastic analyses were first conducted at the operational flight speeds of 7.6 m/s and 10 m/s using both coupled CFD-CSD and strip theory-CSD methods. The converged spanwise wing deformations are shown in Fig. 15 . At both flight speeds, the lag, flap-up bending and nose-down torsional deflections reached static equilibrium states, and the wing deflections increased in magnitude with the flight speed. Bigger torsional deflections are observed especially at the outward region of the wing because of the relatively small torsional stiffness. The strip theory results show bigger flap-up deflection and smaller lag deflection than the CFDbased results, although the overall behaviors are similar between the two approaches. The tendency of over-predicted flap-up deflection using the strip theory has also been previously observed using the low-order aerodynamics model. 5) 
Dynamic aeroelastic analysis
Using the converged static aeroelastic deflections as the initial condition, the wing was perturbed by applying a single-period sinusoidal force in the chordwise direction to the wing tip and the transient aeroelastic response was examined. The transient responses were observed at flight speeds 
The time history of each deflection mode after the perturbation is shown in Fig. 16 . It is observed that the flapwise and torsional modes are also excited, in addition to the chordwise direction, due to the nonlinear structural coupling between the three modes. Below the flight speed of 18 m/s, the amplitude of vibration decreases for all modes, and the wing shows a stable dynamic response. At the higher flight speeds of 18 m/s and 20 m/s, the amplitudes of vibration increase after the initial perturbation, and the wing experiences unstable behaviors. At the flight speed of 20 m/s, the rate of amplitude growth is pretty rapid, and the wing enters a LCO in a short period of time. The dynamic behavior of the unstable wing during the LCO is presented in Fig. 17 . The results show that the behavior is similar to that of the NACA0012 wing described previously, with the flap-up motion coinciding with the nose-down and lead motions, and the flap-down motion with the nose-up and lag motions. The wing outward region was deflected much larger in magnitude than the inward region because of the relatively more flexible structure.
In Fig. 18 , FFT analyses were performed for the chordwise and torsional tip motions, and the results are presented for the flight speeds of 17 m/s and 20 m/s. These two flight speeds were selected because they exhibit stable and unstable responses, respectively. It is observed that an excitation frequency of 4.8 Hz dominantly appears for both chordwise and torsional modes at the flight speed of 17 m/s. At the higher flight speed of 20 m/s, the dominant frequency component was 9 Hz, which corresponds to the nonlinear flutter frequency. The results indicate that the nonlinear flutter frequency is again caused by the nonlinear structural coupling between flapwise and torsional modes. This is presumably because the first torsional natural frequency of 10.45 Hz and the second flapwise natural frequency of 8.38 Hz are changed, becoming closer to each other at the nonlinear flutter frequency as the wing tip static deflection was increased at the flight speed of 20 m/s. A frequency of 18 Hz, which is close to the second chordwise natural frequency, is also observed with the chordwise motion, demonstrating that a large amount of energy with a high-order vibration mode shape is activated on the wing during the LCO.
Conclusions
In the present study, a coupled CFD-CSD method has been developed for predicting static aeroelastic deflections and dynamic aeroelastic behaviors of high-aspect-ratio wings. The wing aerodynamic loads were calculated using a Navier-Stokes CFD solver and unstructured meshes. The wing elastic deformations were obtained using a FEM-based CSD solver based on a nonlinear coupled flap-lag-torsion beam theory. The CFD and CSD solvers were coupled by adopting a conventional serial staggered (CSS) procedure.
Initially, the coupled calculations were conducted for a flexible NACA0012 wing for validation. It was found that the present CFD-CSD results are in good agreement with other predictions for both static deformation and dynamic behavior. It was shown that the CFD-based loads provide more aerodynamic damping compared to the two-dimensional strip theory, which may cause earlier predictions in divergence and flutter speeds. It was also shown that geometrical nonlinearity is responsible for degrading the system stiffness and stability. Below the linear flutter speed, LCO occurred over a relatively wide range of flight speeds when structural nonlinearity is considered. The structural nonlinearity also influences wing dynamic stability more than the difference in the aerodynamic damping between CFD and strip theory. The coupled CFD-CSD method was then applied to the high-aspect-ratio wing of an existing electric aerial vehicle. The static aeroelastic analyses showed that the strip theory tends to predict larger flap-up deflection compared to the CFD calculation. Time-accurate coupled CFD-CSD simulations were performed for various flight speeds. It was found that, above a critical flight speed, the wing motion becomes unstable and enters a LCO. During the LCO, the dominant frequency of the chordwise and torsional motions corresponds to the nonlinear flutter frequency, whereas the excitation frequency is observed dominantly at a stable flight speed. 
